Stem cells may contribute to renal recovery following acute kidney injury, and this may occur through their secretion of cytokines, chemokines, and growth factors. Here, we developed an acellular, nanofiber-based preparation of self-assembled peptides to deliver the secretome of embryonic stem cells (ESCs). Using an integrated in vitro and in vivo approach, we found that nanofibers preconditioned with ESCs could reverse cell hyperpermeability and apoptosis in vitro and protect against lipopolysaccharideinduced acute kidney injury in vivo. The renoprotective effect of preconditioned nanofibers associated with an attenuation of Rho kinase activation. We also observed that the combined presence of follistatin, adiponectin, and secretory leukoprotease during preconditioning was essential to the renoprotective properties of the nanofibers. In summary, we developed a designer-peptide nanofiber that can serve as a delivery platform for the beneficial effects of stem cells without the problems of teratoma formation or limited cell engraftment and viability.
Stem cells hold great promise for the kidney, and multiple studies have suggested that stem cells and specifically mesenchymal stem cells may contribute to the recovery of kidneys after acute kidney injury (AKI). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the rate of stem cell engraftment in many cases appears too low to explain the significant renal improvement after AKI. An alternative hypothesis has been recently advanced, suggesting that the beneficial effects of stem cells in the kidney may not depend on their capacity to reconstitute the denuded cells directly, but rather on their paracrine/endocrine ability to release cytokines, chemokines, and growth factors. [12] [13] [14] [15] In the current study, we describe the development of a novel self-assembled peptide nanofiber-based preparation, which effectively delivers paracrine/endocrine factors secreted from mouse embryonic stem cells (ESCs) both in vitro and in vivo. We hypothesized that the use of nanofibers preconditioned with ESCs might enhance kidney tissue repair by providing an acellular delivery platform for bioactive molecules released from ESCs. We argued that this novel approach could harness the beneficial effects of stem cells in the repair and remodeling of damaged organs, while circumventing many limitations associated with the use of ESCs in vivo, including issues with limited cell engraftment, cell viability, immune tolerance, and formation of teratomas.
Self-assembling nanofibers are oligopeptides that consist of alternating hydrophilic and hydrophobic amino acids that rapidly assemble into nanofibers. 16, 17 Although nanofibers can be prepared in a number of different ways, self-assembly is one of the most powerful methods because of the excellent control over chemical composition, size in all dimensions, and the dynamic nature of the assembled fiber. The selfassembly method uses carefully designed assembler molecules that interact with one another through multiple weak, noncovalent interactions. Substantial progress in the development of novel nanofibers for delivery and controlled release of bioactive molecules has been made in recent years. 18 -21 Several groups, including our own, have previously utilized peptide self-assembly to create biocompatible and bioactive nanofibers. [22] [23] [24] [25] Nanofibers have been most recently popularized as drug delivery agents 21 and as scaffolds to support cell proliferation and differentiation. 26, 27 Nanofibers are also increasingly playing a major role in providing new types of therapy for cancer and heart disease. 16, 19, 20 For instance, it has been recently shown that delivery of PDGF by self-assembling nanofibers decreases infarct size and improves cardiac function after myocardial infarction. 17 Likewise, tethering of IGF-1 to selfassembling peptide nanofibers increases survival of neonatal rat cardiomyocytes after myocardial infarction. 16 We have previously reported the development of a biodegradable peptide nanofiber platform that can undergo spontaneous self-assembly. [22] [23] [24] [25] Similar peptide nanofibers have been used to influence stem cell differentiation by providing a threedimensional scaffold microenvironment. 28 However, whether biodegradable nanofibers could also be employed as acellular delivery platforms for secretome released from stem cells remains unknown.
This report provides the first example of the effect of preconditioned nanofibers with ESCs on the recovery of organs after acute injury. To our knowledge, this is the first study to investigate the use of preconditioned peptide nanofibers with stem cells in an experimental model in vivo.
RESULTS

Synthesis of Self-assembled Nanofibers
Nanofibers were self-assembled in a two-step process unique to the multidomain peptides (MDPs). 22, 23, 25 The chemical structure of MDPs utilized in this study is shown in Figure 1A . Peptides were found to self-assemble into nanofibers with dimensions of approximately 2-nm high and 6-nm wide, and with lengths ranging from 50 to 250 nm ( Figure 1B ). Upon addition of MgCl 2 , average fiber length increased to several micrometers, whereas height and width remained relatively unchanged ( Figure 1C ). Cross-linking also dramatically increased as can be seen by atomic force microscopy (AFM) and macroscopically by gel formation (Figure 1 , C through E).
Preconditioned Nanofibers Reverse LPS-Induced Endothelial Cell Hyperpermeability
The low-dose intraperitoneal (ip) injection of lipopolysaccharide (LPS) is an established model of endotoxemia as described in several recent studies. 29 -32 The underlying molecular mechanisms leading to LPS-induced kidney injury are complex and incompletely understood. However, it is clear that endothelial cell hyperpermeability and cell apoptosis are key mechanisms involved in the pathogenesis of the disease. [32] [33] [34] [35] Thus, we set out to assess the effect of preconditioned nano- BASIC RESEARCH www.jasn.org fibers on these key features of LPS-induced AKI both in vitro and in vivo.
We initially examined the effect of preconditioned nanofibers on LPS-induced endothelial cell hyperpermeability under in vitro conditions by determining the permeability of 125 I-BSA across confluent endothelial cell monolayers. 36 Our initial strategy was to employ two experimental preparations of nanofibers: (1) encapsulated nanofibers in which ESCs were embedded in designer peptide nanofibers for 1 hour (Figure 2A ) or (2) preconditioned nanofibers that were prepared by exposing nanofibers to secretome from ESCs in a transwell coculture system for 24 hours (Figure 2B) . To investigate the effect of preconditioned nanofibers on endothelial cell permeability, we employed a transwell system containing confluent kidney microvascular endothelial cells in the upper chamber separated from preconditioned nanofibers (100 l) in the lower chamber by a cellimpermeable membrane ( Figure 2C ). Figure 2D depicts the effect of LPS on endothelial cell monolayer integrity. Upon addition of LPS (100 ng/ml) in the upper chamber, we detected a significant increase in endothelial cell permeability. In contrast, cocultures of endothelial cells with either ESCs alone, encapsulated nanofibers, or preconditioned nanofibers prevented LPS-induced endothelial cell hyperpermeability. However, nonconditioned nanofibers had no effect on LPS-induced cell permeability.
To test whether the modulatory effect of preconditioned nanofibers on cell permeability is restricted to LPS, we assessed the effect of preconditioned nanofibers on vascular endothelial growth factor-induced (VEGF-induced) cell permeability. As shown in Figure 2E , preconditioned nanofibers, encapsulated nanofibers, and ESCs alone also prevented VEGF-induced (50 ng/ml VEGF) endothelial cell hyperpermeability. Taken together, these results strongly suggest that preconditioning of nanofibers allows delivery of bioactive molecules from ESCs to targeted cells in vitro. Furthermore, the modulatory effect of preconditioned nanofibers on endothelial cell permeability is not restricted to LPS, and potentially involves a critical downstream target of cell permeability pathway. 
Preconditioned Nanofibers Decrease LPS-Induced Apoptosis
Having found that preconditioned nanofibers protect against LPS-induced cell permeability, we assessed their effect on LPSinduced cell apoptosis. We used the transwell coculture system in which preconditioned nanofibers were placed in the upper chamber, whereas confluent tubular or podocytes were seeded in the lower chamber. We found that LPS treatment (100 ng/ ml) significantly increased cell apoptosis in tubular cells and podocytes ( Figure 3A) . In contrast, effect of LPS on cell apoptosis was prevented in the presence of ESCs alone, encapsulated nanofibers, or preconditioned nanofibers. Because caspase-3 was previously shown to play a critical role in LPS-induced apoptosis, 37 we next asked whether the effect of preconditioned nanofibers on cell apoptosis involves inhibition of caspase-3 activation. LPS exposure resulted in a significant increase in caspase-3 activation in tubular cells and podocytes. The increase in caspase-3 activation, however, was prevented when cells were cocultured with preconditioned nanofibers (Figures 3B). These results suggest that preconditioned nanofibers prevent LPS-induced cell apoptosis in vitro.
Effect of Preconditioned Nanofibers on Rho Kinase Activation
We initially used two separate strategies to deliver secretome from ESCs. However, after our initial success of employing preconditioned nanofibers in vitro, we continued the rest of the experiments by using only the preconditioned platform. We considered several possibilities to explain the effect of preconditioned nanofibers in vitro. Because we and others have previously reported that the RhoA/Rho kinase pathway plays a critical role in both cell permeability and apoptosis, 38, 39 we hypothesized that Rho kinase may also be involved in the cytoprotective effects of preconditioned nanofibers. Rho kinase is a serine/threonine protein kinase that has been identified as an important effector for activated RhoA. 40, 41 We assessed the effect of preconditioned nanofibers on LPS-induced Rho kinase activation. Rho kinase activity significantly increased with exposure to LPS (100 ng/ml) ( Figure 3C ). Preconditioned nanofibers, however, prevented LPS-induced Rho kinase activation in endothelial cells. These findings suggest that preconditioned nanofibers modulate Rho kinase activation in vitro.
Effect of Preconditioned Nanofibers on the LPS Model of AKI in Mice
The experiments described above provided strong evidence for a protective effect of preconditioned nanofibers in vitro. However, it was unclear whether preconditioned nanofibers exhibited renoprotective effects in vivo. To address this question, we examined the effect of preconditioned nanofibers on the LPS model of AKI in mice. 29 A single intraperitoneal (ip) injection of LPS (10 g/g body wt) produced a significant increase in albuminuria and caused an abrupt rise in serum BUN and creatinine ( Figure 4 , A through C). In contrast, treatment with preconditioned nanofi- . Likewise, serum BUN and creatinine levels were significantly reduced in mice allocated to preconditioned nanofibers ( Figure 4C ). Interestingly, preconditioned nanofibers significantly reduced the concentrations of the liver enzyme AST, suggesting a systemic protective effect of preconditioned nanofibers ( Figure 4D ).
To specifically address the role of ESCs in the preconditioned nanofibers, we also prepared nanofibers preconditioned with mouse embryonic fibroblasts (MEF) as an additional control. The MEF-preconditioned nanofibers were then administered in LPStreated mice intraperitoneally. Consistent with our previous results, LPS significantly increased albuminuria ( Figure  4E ). However, the administration of preconditioned nanofibers with MEF did not prevent LPS-induced albuminuria, suggesting that peptide nanofibers require secretome from ESCs for their renoprotective effects.
Histologic analyses of kidneys obtained from animals allocated to preconditioned nanofibers with ESCs also showed a remarkable improvement ( Figure 5A ). Tubular epithelial cells were swollen and vacuolated 24 hours after LPS administration, but significantly improved in mice that received treatment with preconditioned nanofibers. We also assessed the effect of preconditioned nanofibers on podocyte injury based on two recent studies. 29, 30 As depicted in Figure 5B , preconditioned nanofibers ameliorated LPSinduced podocyte effacement observed in some glomerular areas. Similarly, although administration of LPS caused a significant increase in cell apoptosis in peritubular, vascular, tubular, and podocytes, the use of preconditioned nanofibers markedly mitigated the number of apoptotic cells in the kidneys ( Figure 5 , C and D). Furthermore, we also performed caspase-3 activation assays. LPS caused a significant increase in caspase-3 activation ( Figure 5E ). This increase was prevented in mice allocated to preconditioned nanofibers. Together, these results suggest that the preconditioned nanofibers protect against LPS-induced apoptosis in the kidney in vivo.
Next, we examined the effect of preconditioned nanofibers on the ischemia-reperfusion (I-R) model of kidney injury. As shown in Figure 5 , F and G, in comparison with sham animals, mice that were subjected to I-R injury and were allocated to nonpreconditioned nanofibers showed a significant elevation of serum creatinine and BUN at 24 hours. However, mice that received preconditioned nanofibers intraperitoneally exhibited a marked improvement in serum creatinine (P Ͻ 0.05) and BUN (P Ͻ 0.05). Taken together, these findings suggest that preconditioned nanofibers protect against kidney injury in different models of AKI. 
Effect of Preconditioned Nanofibers on LPS-Induced Rho Kinase Activation In Vivo
To address whether preconditioned nanofibers also modulate Rho kinase activation in vivo, we examined Rho kinase activity in kidney lysates. Rho kinase activity increased in the kidney lysates 24 hours after LPS administration ( Figure 6, A and B) . However, preconditioned nanofibers prevented the increase in Rho kinase activation.
To specifically examine the pathogenic role of Rho kinase activation in the LPS model of AKI in vivo, we used Rho kinase-1 knock out (ROCK1 Ϫ/Ϫ ) mice and analyzed their response to LPS injection. ROCK1
Ϫ/Ϫ and wild-type ROCK1 (ROCK1 ϩ/ϩ ) mice were intraperitoneally injected with LPS (10 g/g body wt), and their kidney function was then monitored for 24 hours. LPS challenge caused a significant increase in proteinuria, serum BUN, and creatinine in ROCK1 ϩ/ϩ mice ( Figure 6 , C through E). ROCK1 Ϫ/Ϫ mice, however, showed significantly lower levels of proteinuria, and significant improvement in their kidney function compared with ROCK1 ϩ/ϩ (B) Representative transmission electron microscopy micrographs of the glomerular capillary wall. LPS-treated mice exhibit effacement of foot processes, whereas mice treated with preconditioned nanofibers show a significant improvement in podocytes (original magnification: ϫ15,000). (C) Apoptosis was quantified by TUNEL staining of formalin-fixed kidney tissue. After LPS administration, apoptotic nuclei were identified in glomeruli, tubules, and arterioles (arrows) (Magnification: ϫ400 counterstained with hematoxylin). Apoptosis was quantified as described previously. 37 Because plasminogen activator inhibitor-1 (PAI-1), a downstream target of Rho kinase activation, has been suggested as a critical mediator of fibrin deposition and microvascular occlusion in the kidneys, leading to decreased kidney perfusion, 42 we also examined the effect of preconditioned nanofibers on PAI-1 expression in LPS-induced AKI. Immunohistochemical analysis of kidney sections showed a robust increase in fibrin deposits in the glomerular and peritubular areas in LPS-treated animals [ Figure 6 , F(upper panel) and G]. However, in animals allocated to preconditioned nanofibers, fibrin deposition was significantly attenuated. Similarly, PAI-1 mRNA was also significantly decreased in treated animals with preconditioned nanofibers [ Figure 6F (lower panel) ]. These findings suggest that preconditioned nanofibers prevent LPS- . Quantification was performed as described previously. 67 induced generation of PAI-1 and fibrin formation, key mediators of decreased kidney perfusion and oxygenation. 43 
Anti-inflammatory Effect of Preconditioned Nanofibers
Our findings indicate that preconditioned nanofibers modulate Rho kinase activation, a master regulator of the inflammatory response. This feature prompted us to investigate the effect of preconditioned nanofibers on LPS-induced inflammatory cascade. Previously published experimental data suggest that TNF-␣, IL-6, and IL-10 play central roles in LPS-induced inflammatory response. 43, 44 In our experimental model, LPS also induced a significant increase in serum TNF-␣ and IL-6 concentrations, which were significantly reduced 6 hours after LPS administration in mice allocated to preconditioned nanofibers ( Figure 7A ). However, preconditioned nanofibers did not significantly alter serum levels of IL-10. Because expression of chemokine CCL5 in the kidney has been suggested as a key mediator of LPS-induced inflammatory response, 45 we also investigated the effect of preconditioned nanofibers on CCL5 mRNA expression in the kidney. As shown in Figure 7B , CCL5 was highly expressed in the kidneys of mice injected with LPS. However, significantly lower levels of CCL5 mRNA expression were detected in mice treated with preconditioned nanofibers. These results corroborate the notion that preconditioned nanofibers exert anti-inflammatory properties.
Analysis of Secretory Proteome from Preconditioned Nanofibers
ESCs have been shown to secrete a broad spectrum of cytokines, chemokines, and growth factors. 46 We performed a semiqualitative cytokine antibody array analysis to assess the secretome from preconditioned nanofibers. To this end, preconditioned nanofibers were transferred to a solution of PBS. The PBS solution was then removed and replaced with fresh PBS periodically to assess the time course release of secreted proteins. As control, nonconditioned nanofibers were also placed in PBS for 24 hours. Overall, a total of 36 secreted proteins were differentially increased in conditioned PBS (ratio Ͼ1.5) ( Figure 8A ). These results indicate that preconditioned nanofibers can retain and gradually release paracrine/endocrine factors from ESCs.
To dissect the contribution of differentially expressed secreted proteins in the renoprotective effects of preconditioned nanofibers, we targeted proteins that were previously reported to play critical roles in the LPS model of organ injury. A survey of the literature prompted us to target follistatin, adiponectin, and secretory leukoprotease inhibitor (SLPI) as our initial targets. [47] [48] [49] Because we expected that the effects of preconditioned nanofibers might stem from multiple secreted proteins, in addition to designing siRNA oligos directed against the individual genes, we also used a combinatorial siRNA strategy for their simultaneous knockdown. To this end, before preconditioning of nanofibers, ESCs were transfected with siRNAs for individual or multiple genes simultaneously. Nanofibers were then preconditioned as described previously. We found that triple simultaneous knockdown of follistatin, adiponectin, and SLPI in ESCs prevented the renoprotective effect of preconditioned nanofibers in vivo ( Figure  8 , B and C). With use of a combinatorial knockdown of these three genes, strong Rho kinase activation also remained unchanged in the kidneys of mice treated with LPS even in the presence of preconditioned nanofibers ( Figure 8D ). This suggests a critical role for follistatin, adiponectin, and SLPI as well as for Rho kinase activation as the underlying molecular mechanism by which preconditioned nanofibers exert their renoprotective effect. Interestingly, individual knockdown of these genes failed to prevent the effect of preconditioned nanofibers on Rho kinase activation ( Figure 8E ). We also evaluated the effect of conditioned medium (ESC-CM) on our experimental model of AKI. Mice were injected intraperitoneally with conditioned medium (200 l per mouse) 1 hour after injection of LPS. Interestingly, no significant benefit was observed with ESC-CM on albuminuria ( Figure  8F ). This observation suggests that our designer nanofiber facili- BASIC RESEARCH www.jasn.org tates the uptake of proteins from secretome, a feature not surprising considering that nanofibers exhibit extremely high surface area-to-volume ratio. 50 Finally, we asked whether the use of preconditioned nanofibers would protect the secretome from proteolysis. We characterized the effect of preconditioned nanofiber on the degradation of osteopontin (OPN), a secreted glycoprotein, which was significantly upregulated in the secretome. We used purified recombinant OPN and active matrix metalloproteinase 3 (MMP3) to perform a cleavage assay. In the presence of MMP3, OPN was cleaved to generate two additional fragments (40 and 32 kD) ( Figure 8G ). However, in the presence of preconditioned nanofibers, the pattern of cleavage of OPN was very similar to the control sample with the absence of low molecular weight bands, supporting the notion that preconditioned nanofibers provide a protease resistant environment.
DISCUSSION
We report a novel observation that may prompt a new approach to stem cell therapy for a wide range of applications. To our knowledge, this is the first report describing the use of nanofibers for stem cell therapy in an experimental model of organ injury in vivo. Our findings indicate that preconditioned nanofibers deliver secretome from ESCs both in vitro and in vivo, exhibit cytoprotective and anti-inflammatory properties, and ameliorate LPS-induced AKI. Our results also identify follistatin, adiponectin, and SLPI as the key peptides, and Rho kinase activation as a critical molecular mechanism by which preconditioned nanofibers exert their modulatory effects. On the basis of these findings, we propose that preconditioned nanofibers serve as a novel acellular delivery platform for a broad spectrum of stem cells applications whereby beneficial effects of stem cells are preserved, whereas many limitations of stem cell therapy are circumvented.
Coupling of peptide nanofibers with ESCs presents several advantages: (1) it provides an acellular platform for delivery of secretome from stem cells; (2) it offers an opportunity for a wider preclinical and clinical use of ESCs after organ injury because it circumvents the potential formation of teratomas; (3) by modifying the designer peptide motifs, it is possible to pursue a more targeted therapy; (4) it may extend the biologic activity of cytokines and chemokines secreted from ESCs; (5) it can be used to dissect the paracrine/endocrine effects of stem cells on gene expression or cell-signaling processes; and (6) peptide nanofibers can break down into natural amino acids, which are nontoxic. Thus, peptide nanofibers may be useful as a bio-reabsorbable source of delivery of secretome for kidney repair. A main advantage of using preconditioned nanofibers, which can potentially explain the lack of tissue protective effects with ESC-CM, is the extremely high surface area-to-volume ratio of nanofibers that could facilitate the uptake and release of proteins delivered by the nanofibers. 50 The combined topographical and biochemical signaling from peptide nanofibers may also play a role in enhancing biologic activities of paracrine/endocrine factors secreted from ESCs.
Another important finding of this study is the observation that the simultaneous secretion of follistatin, adiponectin, and SLPI is critical for the renoprotective effects of preconditioned nanofibers in vivo. Although several published studies have previously reported the individual effect of these proteins in the LPS model of acute organ injury, [47] [48] [49] our findings indicate that simultaneous secretion of these peptides are necessary to prevent LPS-induced AKI in our experimental model. Our findings also suggest that Rho kinase inhibition is a key molecular mechanism by which preconditioned nanofibers exert their renoprotective effects. Our group and others have previously shown a crucial role for Rho kinase activation in endothelial cell hyperpermeability, 39 and we have recently proposed that Rho kinase may constitute a novel targeted therapy for kidney diseases. 51 Furthermore, pharmacologic inhibition of Rho kinase activation in the LPS model of AKI has also been reported to exert a protective effect. 45, 52 In this study, we used a genetic approach to examine the effect of Rho kinase knockout in this model. Our findings indicate that targeted deletion of ROCK1 protects against LPS model of AKI. Although Rho kinase inhibition may not be the only mechanism responsible for the beneficial effects of preconditioned nanofibers, our results reveal that the renoprotective effect of preconditioned nanofibers correlated with Rho kinase inhibition both in vitro and in vivo.
In summary, we describe the first demonstration of peptide nanofiber efficacy as a novel platform for delivery of secretome released from stem cells. Our findings illustrate the utility of preconditioned nanofibers in developing alternatives to conventional stem cell therapy for a diverse set of diseases, including those involving kidney injuries.
CONCISE METHODS
LPS (Escherichia coli 0111:B4) was obtained from List Laboratories (Campbell, CA). Antifibrin antibody was purchased from Nordic Immunological Laboratories (Tilburg, The Netherlands). Polyclonal anti-phospho myosin phosphatase targeting subunit 1 (MYPT-1) (T853) antibody, recombinant MYPT-1, and recombinant Rho kinase 2 protein were from Upstate Biotechnology (Lake Placid, NY). Goat polyclonal antiosteopontin (OPN) antibody was from Abcam (Cambridge, MA), and anti-OPN rabbit polyclonal antibodies were obtained from Alexis Biochemicals (San Diego) and Rockland Immunochemicals (Gilbertsville, PA). Recombinant rat VEGF-A164 and human recombinant osteopontin (huOPN) were acquired from R&D Systems (Minneapolis). The catalytic domain of the matrix metalloproteinase (MMP)-3 was obtained from Alexis Biochemicals (San Diego). Cell culture media and supplies were from Invitrogen (Carlsbad, CA).
Self-assembled Peptide Nanofibers
Nanofibers were prepared through the self-assembly of a short, synthetic peptide with the sequence EESLSLSLSLSLSLEEGRGDS. The N-terminus was acetylated and the C-terminus was amidated. The peptide was prepared by standard automated solid-phase synthesis on an APEX 396 Multipeptide Synthesizer. It was purified by selective precipitation followed by dialysis against deionized water and lyophilized. Purified peptide was characterized by MALDI-TOF mass spectrometry. The lyophilized peptide powder was dissolved in deionized water and pH-adjusted to 7.0 with the addition of NaOH to make a viscous solution of 2% by weight. Gels were formed by mixing equal volumes of 2 wt% peptide solution with cell culture medium containing 1.2 l of 1 M MgCl 2 solution per 100 l of gel.
Cell Culture
Conditionally immortalized renal microvascular endothelial cells were kindly provided by Dr. Robert Langley (University of Texas, M.D. Anderson Cancer Center). 53 Conditionally immortalized mouse renal podocytes were provided by Dr. Peter Mundel (University of Miami). 54, 55 Mouse embryonic stem cell line (ESC-D3) was obtained from the Center for Stem Cell and Regenerative Medicine (Baylor College of Medicine) and derived from 129/Sv ϩ/ϩ mouse as described previously and according to previously reported methods. 56 HK2 cells (ATTC, Manassas, VA) were grown in complete keratinocyte serum-free media. Mouse embryonic fibroblasts (MEF) were ob-tained from 13-day-old CF-1 mouse embryos (Charles River) and according to previously reported methods. 57 Cells were released by trypsin/EDTA digestion for 30 minutes and harvested in 75-cm 2 culture flasks at a density of 3 ϫ 10 5 per ml in MEM-␣ supplemented with 10% FBS (Life Technologies, USA). Subcultures were prepared after the cells reached a confluence of Ͼ90% in the same medium.
Preparation of Preconditioned Nanofibers and Conditioned Media
Preconditioning of nanofibers was performed by exposing nanofibers (100 l) to ESCs (2 ϫ 10 5 cells) for 24 hours in 24-well inserts (0.4-m pore size) of a two-compartment transwell coculture system (BD Biocoat, MA) in which nanofibers were placed in the lower compartment, whereas ESCs were seeded in the upper compartment in the presence of serum-free medium (knockout DMEM). 58, 59 After 24 hours of conditioning, ESCs were removed and media replaced. To prepare for encapsulated nanofibers, 2 ϫ 10 5 ESCs were mixed with 100 l of nanofibers for 1 hour. Conditioned media from ESCs (ESC-CM) was prepared with 2 ϫ 10 5 ESCs incubated in the presence of serum-free knockout DMEM for 24 hours in an incubator at 37°C with 5% CO 2 in 95% air. The ESC-CM was then collected and concentrated by ultrafiltration using centrifugal filters with a 3-kD molecular weight cutoff (Amicon Ultra-PL 3; Millipore, Bedford, MA).
Transendothelial 125 I-BSA Permeability Measurements
Two-compartment transwell coculture system (BD Biocoat) was used to determine the permeability of 125 I-BSA (bovine serum albumin) across confluent endothelial cell monolayers as described previously. 36 
Animal Models of AKI
All animals were cared for at Baylor College of Medicine and according to the AIACU and Principles of Laboratory Animal Care of the National Institute of Health. Generation of Rock1 Ϫ/Ϫ mice was previously described. 60 Adult male C57BLKS mice (8 to 10 weeks old) were obtained commercially (Jackson Laboratory, Bar Harbor, ME). Mice received a single injection with 10 g/g body wt of LPS (E. coli; List Laboratories, Campbell, CA) or sterile normal saline intraperitoneally. 29, 30, 32 For LPS-induced model of AKI, groups of 6 to 11 mice were randomly allocated to individual groups. One group of mice was used as the control group. All other groups received a single intraperitoneal injection of LPS (10 g/g body wt). In LPS-treated animals, mice were injected with 0.8 ml of isotonic saline intraperitoneally to prevent hypovolemia after 12 hours. 29 In experiments where the effect of preconditioned nanofibers was assessed, animals were given an injection of nanofibers (200 l) intraperitoneally 1 hour after LPS injection. Mice were sacrificed 24 hours after LPS injection. Urine albumin and creatinine were determined using Albuwell M and Creatinine Assay (Exocell, Philadelphia). Kidney ischemia reperfusion (I-R) was performed in male C57BL/6 mice, aged 8 to 10 weeks, obtained from Jackson Laboratory. 61, 62 Briefly, mice were anesthetized with intraperitoneal ketamine, had abdominal incisions, and then have both renal pedicles bluntly dissected. A microvascular clamp (Roboz) was placed on both renal pedicles for 30 minutes while the animal was kept at a constant temperature (37°C) and well hydrated.
After ischemia, the clamps were removed, the wounds were sutured, and the animal was allowed to recover. Mice were randomly allocated into the following groups (n ϭ 6): (1) sham; (2) I-Rϩpreconditioned nanofibers (100 l) injected intraperitoneally 1 hour before induction of ischemia and at the time of reperfusion; and (3) I-Rϩnonconditioned nanofibers (100 l) injected intraperitoneally 1 hour before induction of ischemia and at the time of reperfusion. Mice were administered with 0.5 ml of isotonic saline intraperitoneally (preheated to 37°C) immediately after closure of abdomen, and sacrificed 24 hours after reperfusion. Serum creatinine and BUN were measured on obtained blood samples.
Small Interfering RNAs (siRNAs)
siRNAs were purchased from Dharmacon (Thermo Scientific Dharmacon, Lafayette, CO) using ON-TARGETplus. 
Rho Kinase Activation Assay
The activity of Rho kinase was evaluated by measuring the phosphorylation of a Rho kinase substrate, MYPT-1, at threonine 853 (Upstate Biotechnology) as described previously. 51 
Detection of Apoptosis
Apoptotic cells were determined using an Apoptag Fluorescein In Situ Apoptosis Detection Kit (TUNEL assay; Chemicon, Billerica, MA), and by quantifying cytoplasmic histone-associated DNA fragments detection (Cell Death Detection ELISA; Roche, Indianapolis), according to the manufacturers' instructions. Caspase-3 activation was assessed by caspase-3 activation assay (BD Biosciences, San Jose, CA).
Serum Cytokines Assay
Serum TNF-␣, IL-6, and IL-10 were assessed using the Milliplex MAP Mouse Cytokine Kit Assay as per manufacturer's specifications (Millipore, Chicago).
In Situ Hybridization
In situ hybridization with an antisense PAI-1 riboprobe was performed as described previously. 63, 64 Total RNA from mouse lung was reverse-transcribed into cDNA using Superscript reverse transcriptase (Clontech) and random hexamers (Sigma). PCR amplification was performed using T7-tagged forward and SP6-tagged reverse primers to amplify a 848-bp fragment representing bases 663-1510 of the coding region of the murine PAI-1 gene. The PCR-amplified cDNA template was used for in vitro transcription of digoxygeninlabeled riboprobe using T7 RNA polymerase for the antisense probe and SP6 for the sense control probe.
Scanning Electron Microscopy (SEM)
Cells were fixed with 3% glutaraldehyde plus 2% paraformaldehyde and 7.5% sucrose in 0.1 M cacodylate, postfixed with 1% cacodylate buffered osmium tetroxide plus 7.5% sucrose, dehydrated with graded series of hexamethyldisilazane-ethanol (HMDS-ethanol) series and air-dried overnight. Samples were examined with a JSM-5910 scanning electron microscope (JEOL USA, Peabody, MA) at an accelerating voltage of 5 kV.
Atomic Force Microscopy
Peptides were dissolved at 0.1 wt% in deionized water at pH 7. Two drops of peptide solution were added onto freshly cleaved mica while spinning on a Headway Research, Inc. photoresist spinner. The mica was then rinsed with deionized water and spun for an additional 9 minutes. AFM images were collected at ambient temperature, on a Digital Instruments Nanoscope IIIa atomic force microscope in tapping mode.
Transmission Electron Microscopy
Kidney cortical tissues were minced and fixed at room temperature with a solution containing 3% glutaraldehyde plus 2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.3. After fixation, samples were washed, postfixed with 1% buffered osmium tetroxide, and stained en block with 1% Millipore-filtered uranyl acetate. Samples were dehydrated in increasing concentrations of ethanol, infiltrated, embedded in LX-112 medium, and polymerized in an oven for 2 days. Ultrathin sections were cut in a Leica Ultracut microtome (Leica, Deerfield, IL), stained with uranyl acetate and lead citrate in a Leica EM Stainer, and examined with a JEM 1010 transmission electron microscope (JEOL USA, Inc., Peabody, MA). Digital images were obtained using AMT Imaging System (Advanced Microscopy Techniques Corporation, Danvers, MA).
RT-qPCR
The mRNA expression was quantified using a DNA Engine Opticon Continuous Fluorescence Detector (MJ Research) with SYBR green as described previously. 65 The primers used were as follows: CCL5: forward: 3Ј-GCAAGTGCTCCAATCTTGCA-5Ј; reverse: 3Ј-CTTCTCTG GGTTG-GCACA CA-5Ј. ␤-Actin: forward: 3Ј-AGAGGGAAATCGTGCGTGA CA-5Ј; reverse: 3Ј-CACTGTGTT GGCATAGAGGTC-5Ј.
Immunohistochemistry
Staining was performed using the VectaStain ABC kit (Vector Laboratories, Burlingame, CA). Briefly, the tissue sections were deparaffinized, treated with 3% hydrogen peroxide, and incubated with 10% normal rabbit serum for 30 minutes. The slides were then incubated with primary antibodies at 4°C overnight, followed by sequential treatment with biotinylated-rabbit-anti-goat IgG, streptavidin-peroxidase conjugate, and aminoethylcarbazole chromogen. The slides were counterstained with Gill's modified hematoxylin and mounted on VectaMount (Vector Laboratories).
Enzyme Cleavage Assays
Human recombinant osteopontin (1 g, huOPN) mixed with 20 l of nanofibers were cleaved by MMP3 (50 ng) in equal volume of cleavage buffer (200 mM NaCl, 50 mM Tris-HCl, pH 7.6, 5 mM CaCl 2 ) for 10 minutes at 37°C as described previously. 66 The mixture of cleaved OPN fragments was separated on a 12.5% polyacrylamide gel under reducing conditions. The membrane was incubated in a combination of three primary anti-OPN antibodies, anti-OPN goat polyclonal antibody and two anti-OPN rabbit polyclonal antibodies, for 1 hour. Proteins were visualized with ECL Plus (GE Healthcare).
Statistical Analysis
All data are shown as mean Ϯ SEM. Statistical significance was assessed by performing ANOVA followed by the Tukey-Kramer post hoc analysis for multiple comparisons using an ␣ value of 0.05 in Graphpad Prism software (version 5.0; San Diego). Differences between paired means were assessed with the unpaired, two-tailed t test.
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